The rpoA gene, encoding the K subunit of RNA polymerase, was isolated from alkaliphilic Bacillus sp. strain C-125 by the PCR method. A 3-kb HindIII fragment containing the complete rpoA gene was cloned and sequenced. The K subunit gene was found to encode a protein consisting of 314 amino acid residues with a molecular mass of 34 805 Da. Compared with the amino acid sequences of other known eubacterial RNA polymerase K subunits, the gene has 84% identity to that of B. subtilis, while showing 48% and 47% identity to that of Streptomyces coelicolor and Escherichia coli, respectively. Six conserved regions, which are observed in the case of other eubacteria, were found in the RNA polymerase K subunit of this strain. Five of them are located in the N-terminal domain involved in assembly of the core enzyme, while one is located in the C-terminal domain, which interacts with several transcriptional factors and a specific DNA element. By means of recombinant plasmids, a hexahistidine-tagged derivative of the RNA polymerase K subunit of strain C-125 and two deletion derivatives (C-and Nterminal domains) of this protein were overexpressed in E. coli cells and purified to near homogeneity. z
Introduction
The facultative alkaliphilic Bacillus sp. strain C-125 grows well at high pH values above 9.5 and maintains an intracellular pH around 8.6 when grown at pH 10.5 [1] . This strain also can grow at neutral pH values near pH 7, if su¤cient sodium ion (1^2%) was supplied to the culture medium [2] . Many alkaliphilic Bacillus strains, including C-125, produce commercial alkaline enzymes such as xylanases [3] , proteases and amylases [4] under alkaline conditions. Neutrophilic bacteria, such as B. subtilis, also produce these enzymes under neutral conditions, but alkaliphilic Bacillus strains show very poor productivity under neutral conditions, although no major di¡erence is observed in growth between neutral and alkaline medium. On the other hand, another major di¡erence between alkaline and neutral conditions has been reported in £agellin synthesis by C-125 [5] . In this report, it was reported that the motility of Bacillus sp. strain C-125 is dependent on culture pH. The cell has many £agellae when grown at pH 10.1, but no £agellae when grown at pH 6.9, suggesting the pH of the culture medium is one of the important factors for £agellin synthesis in the strain. These ¢ndings taken together indicate that this organism might have a speci¢c transcriptional system capable of responding to changes in extracellular pH. Up to now, there have been no biochemical or genetic studies examining the mechanisms of gene expression of alkaliphilic bacteria. Knowledge of the regulation of gene expression and the transcriptional machinery of these bacteria is necessary to obtain a critical understanding of how these organisms adapt, survive and grow in alkaline environments. Thus it is essential to clone the genes for RNA polymerase subunits from alkaliphilic bacteria and to establish an in vitro system for reconstitution of the enzyme.
Transcription in eubacteria is mediated by an RNA polymerase holoenzyme which governs the selectivity of the promoter sequence of a gene. RNA polymerase is a multisubunit complex composed of K (rpoA), L (rpoB), LP (rpoC) and one of several c subunits [6] . Among these subunits, the K subunit is an important component, involved not only in the assembly of the core enzyme but also in activation of transcription [7] . Studies focusing on mutations in the K subunit of Escherichia coli have suggested that residues in the N-terminal domain are involved in assembly of the core enzyme [8] ; the C-terminal domain is a region that contacts some transcription activators [9] and binds to a speci¢c DNA element, designated as a UP element [10] .
Here, we report cloning of the rpoA gene encoding the RNA polymerase K subunit of alkaliphilic Bacillus sp. strain C-125 and construction of a series of expression plasmids to overexpress the K subunit protein. This is the ¢rst report on the gene encoding the K subunit of RNA polymerase in an alkaliphilic bacterium.
Materials and methods

Bacterial strains and plasmids
Alkaliphilic Bacillus sp. strain C-125 was the source of chromosomal DNA encoding the rpoA gene. E. coli strain JM109 was used as the recipient for cloning and as the host for expression plasmids. For the cloning of PCR products, the T-overhang cloning vector pT7Blue was used (Novagen). Plasmid pQE30 DNA used for construction of recombinant plasmids for overexpression of rpoA and the Ni P -NTA Spin column used for a¤nity puri¢cation of recombinant hexahistidine-tagged RpoA protein were purchased from Qiagen.
Cloning of the rpoA structural gene and nucleotide sequencing
In order to clone a portion of the rpoA gene from strain C-125, two synthetic degenerate oligonucleotide primers, A1 (5P-CCNGGTGCGGCNGTNA-CRTCMAT-3P) and A2 (5P-GKGYGYRATRTC-RGCKGCSGTKAC-3P), were synthesized. A target DNA fragment containing a part of the rpoA gene was ampli¢ed by PCR using these degenerate primers. PCR was performed in a 100-Wl volume with 5U Ex-Taq DNA polymerase (Takara Shuzo) for 30 cycles of 20 s at 94³C, 1 min at 45³C and 30 s at 72³C. The PCR product (approx. 300 bp) was cloned into the vector pT7Blue and sequenced. This fragment was labeled with digoxigenin (Boehringer Mannheim) to prepare a hybridization probe. Southern hybridization was carried out with the probe using chromosomal DNA digested with HindIII. Inverse PCR [11] was applied for cloning of this HindIII fragment using circularized HindIII-digested chromosomal DNA and two primers ( Fig. 2A) , A3 (5P-ATAGTTTGTAACTTGGCCGACACG-3P) and A4 (5P-GCGGAGATTATGGTCGAAAAAGAA-3P). The reaction conditions were 30 cycles of 94³C for 20 s, 57³C for 20 s and 72³C for 3 min. The nucleotide sequence of the rpoA gene was determined for both strands by the dye terminator method using an ABI-Prism 377 automatic DNA sequencer (Applied Biosystems).
GENETYX-MAC Ver. 9 from Software Development was used for sequence analysis. The nucleotide sequence of the gene was deposited in the DDBJ, EMBL and GenBank databases under accession number AB010082.
Construction and overexpression of
hexahistidine-tagged RpoA protein in E. coli
To construct plasmids for overexpression of the K subunit, PCR was performed to amplify the rpoA gene and its deletion derivatives. The resulting fragment, digested with BamHI and HindIII, was cloned into expression plasmid pQE30. For expression studies, E. coli JM109, transformed with the plasmid, was grown at 37³C to an optical density of 0.5 at 600 nm; then overexpression of the recombinant protein was induced by addition of IPTG to the culture at a ¢nal concentration of 100 mM.
For protein puri¢cation, a¤nity column chromatography was conducted using an Ni P -NTA Spin column. Cells treated with the inducer IPTG for 3 h at 37³C were harvested by centrifugation, resuspended in binding bu¡er A (50 mM Na-phosphate, 500 mM NaCl, 8 M urea, pH 8.0), and lysed by sonication. The lysate was centrifuged and the clear supernatant obtained was applied to the Ni P -NTA Spin column following the instructions of the manufacturer. Unbound proteins were removed by washing the column 3 times with bu¡er B (50 mM Naphosphate, 500 mM NaCl, 8 M urea, pH 6.4) and then the target protein was eluted with elution bu¡er C (50 mM Na-phosphate, 500 mM NaCl, 8 M urea, pH 4.5). Proteins were fractionated and analyzed by SDS-PAGE [12] on 10% gels and visualized by Coomassie blue staining.
Results and discussion
Cloning of the rpoA structural gene
To clone a portion of the rpoA gene, a highly conserved region of amino acids in the RpoA protein, found in several Gram-positive bacteria, was used as the basis for preparing a set of degenerate oligonucleotide primers for PCR. The 300-bp fragment obtained by PCR, having the size expected based on the positions of the primers in the rpoA sequences, was cloned into the vector pT7Blue and its nucleotide sequence was determined. The nucleotide sequence obtained upon analysis of this fragment and the deduced amino acid sequence showed strong similarity to that of the rpoA gene of B. subtilis and that of S. coelicolor. In order to amplify the complete rpoA structural gene, inverse PCR primers were synthesized based on the sequence of the 300-bp amplicon. This partial rpoA fragment was also used as a probe to select an appropriate restriction enzyme for inverse PCR. To map and isolate the rpoA locus from alkaliphilic Bacillus sp. strain C-125, the chromosomal DNA was digested with HindIII and hybridized with this 300-bp DNA fragment as a probe. A single 3-kb HindIII fragment was detected in the hybridization analysis (data not shown). Utilizing the inverse PCR primers, a DNA fragment approximately 3 kb in size was obtained, cloned into the vector pT7Blue and sequenced.
Sequence analysis of the fragment revealed that it contained the complete rpoA gene and ¢ve genes whose products are involved in translation as shown in Fig. 1A . The genetic organization of these genes was found to be as follows : the infA (initiation factor IF1), rpmJ (ribosomal protein L36), rpsM (S13), rpsK (S11), rpoA and rplQ (L17) in this order (Fig.  1A) . The gene order in strain C-125 is identical to that in B. subtilis [13] , showing that at least this region is conserved in both strains. In addition, an open reading frame of unknown function encoding a polypeptide consisting of 102 amino acid residues was found just upstream of the infA gene. A database search for the sequence of this open reading frame using BSORF (http://bacillus.tokyo-center.genome.ad.jp:8008) showed that this open reading frame in strain C-125 does not exist in B. subtilis.
Structural analysis of the amino acid sequence of RpoA
As shown in Fig. 1B , the rpoA gene of strain C-125 encodes a protein consisting of 314 amino acid residues with a deduced molecular mass of 34 805 Da, which is almost the same as that of the B. subtilis K subunit (34 799 Da). The pI value deduced from the amino acid composition is 4.53, which is Fig. 2 . Comparison of the amino acid sequences of the strain C-125 K subunit and those of other eubacteria. The alignment was made with sequences from B. subtilis (accession number M26414), S. coelicolor (X92107) and E. coli (X53843). Dots in each sequence represent amino acid residues identical to those of the strain C-125 K subunit. Identical residues in the K subunit of all of these organisms are marked by an asterisk, whereas a conserved substitution is marked by a dot. A hyphen signi¢es a gap introduced to align the sequence. A box denotes each of six regions conserved in all of the organisms. The residues corresponding to two PCR primers, A1 and A2, derived from the conserved region of B. subtilis and S. coelicolor are shown with arrows above. lower than that of either the B. subtilis (4.64) or E. coli K subunit (4.65). Compared with the amino acid sequences of other eubacterial K subunits, the strain C-125 K subunit has 84% identity to the B. subtilis K subunit, while showing 48% and 47% identity to those of S. coelicolor and E. coli, respectively. This result indicates that the strain C-125 K subunit is more closely related to that of B. subtilis than to those of S. coelicolor and E. coli. Moreover, as shown in Fig. 2 , six regions that are highly conserved in the RNA polymerase K subunits of eubacteria were found. Five conserved regions in the N-terminal domain of the protein are designated as region I (residues 26^74), II (103^111), III (144^151), IV (161^173) and V (178^194), as shown in Fig. 2 . One conserved region (VI, 256^267) was found in the C-terminal domain (Fig. 2) .
Biochemical analyses using several mutants of E. coli K subunit have demonstrated that the N-terminal two-thirds of the K subunit are involved in core subunit assembly [8] . Moreover, amino acid residues in individual regions I^V which are important for binding to the L subunit in E. coli were found in this strain. These residues are known to be critical for interaction with the L subunit, because analysis of point mutations has proven that the interaction of the K subunit with the L subunit fails when these residues are changed. These observations suggest that these residues in the N-terminal domain are likely to be important for interaction with the L subunit in the case of strain C-125, also. On the other hand, studies on point mutations a¡ecting the K subunit in E. coli showed that amino acid residues within the C-terminal domain function as contact sites for transcription activators [9] and a speci¢c DNA element known as a UP element [10] . The residues of region VI, which are known to be involved in the interaction with class I transcription factors such as CRP, CysB, AraC and MelR in E. coli [9, 14] , are conserved in the RNA polymerase K subunit of strain C-125. This region is also involved in recognition of a speci¢c promoter in E. coli called a UP element [10, 15] . Although there is no data available concerning transcription factors and speci¢c DNA elements in strain C-125, it seems likely that these amino acid residues of the conserved region VI found in the C-terminal domain may interact with some transcription factors and recognize speci¢c DNA elements. The amino acid sequence of the RNA polymerase K subunit of strain C-125 has 84% identity to that of B. subtilis. The di¡erences are found mainly in the N-terminal domain, which plays an essential role in assembly of the core enzyme in E. coli. Whether di¡erences in the N-terminal domain have physiological signi¢-cance with respect to assembly of the core RNA polymerase in strain C-125 is not clear. The existence of the conserved residues in the C-terminal domain suggests that the mechanism of transcriptional control through the K subunit is conserved in both strain C-125 and B. subtilis. To understand the transcriptional mechanisms in this alkaliphile, isolation and characterization of the transcription factors from this strain are essential. Studies concerning the interaction between these proteins in terms of transcriptional regulation are also indispensable. 10 and 11) . Samples from progressive stages of puri¢cation were subjected to SDS-PAGE [12] and proteins were stained with Coomassie Brilliant Blue. The proteins in lanes 4 (13 Wg), 7 (8 Wg) and 10 (8 Wg) were from extracts of cells that had been treated with the inducer IPTG (indicated by + above the lanes), while those in lanes 3 (8 Wg), 6 (13 Wg) and 9 (13 Wg) were from extracts of cells that were not treated with the inducer (indicated by 3 above the lanes). The proteins in lanes 5 (3 Wg), 8 (4 Wg) and 11 (0.5 Wg) were puri¢ed from the extracts of induced cells by means of an Ni P -NTA Spin column (indicated by P above the lanes). These samples were applied along with molecular mass markers (lane 1) and 13 Wg of a crude extract of E. coli JM109 as a control (lane 2). The position of each recombinant protein is indicated on the right side by an arrow.
Overexpression and a¤nity puri¢cation of RpoA protein
To construct plasmids for expression of the K subunit, PCR was performed to amplify the rpoA gene and the resulting fragment was cloned into expression plasmid pQE30 (pQE-K). E. coli JM109 was transformed with the plasmid and then treated with the inducer IPTG to overexpress the recombinant protein (Fig. 3) . Because the recombinant protein contained a hexahistidine tag at the N-terminus, its puri¢cation was readily accomplished using an Ni P -NTA Spin column. Upon induction, the recombinant protein encoded by plasmid pQE-K was overexpressed at a level comprising 9% of the total protein in the cell extracts of E. coli as shown in lane 4 of Fig. 3 . It was puri¢ed to homogeneity by a simple chromatographic step and the molecular mass was determined to be 38 kDa by SDS-PAGE (lane 5). This recombinant K subunit was larger than that calculated based on the deduced sequence of the protein, because a hexahistidine tag had been fused to the N-terminus of the protein. Thus, the molecular mass of the K subunit observed corresponds well with the predicted one. This recombinant K subunit will be useful to reconstitute the recombinant RNA polymerase of this alkaliphile in vitro. There have been no studies focusing on the molecular anatomy of the N-terminal and C-terminal domains of the RNA polymerase K subunit of Gram-positive bacteria such as B. subtilis. To investigate the function of these domains, construction of N-terminal and Cterminal deletion mutants is necessary. Thus, two other plasmids encoding the N-terminal two-thirds of the K subunit (residues 1^209) and the C-terminal one-third (residues 210^314) were constructed and these were designated pQE-KN and pQE-KC, respectively. As shown in Fig. 3 , in the case of the plasmid pQE-KN, a protein of approximately 24 kDa (KN protein) was overexpressed at a level comprising about 18% of the total cellular protein (lanes 7 and 8) upon induction with IPTG, while in the case of the plasmid pQE-KC a protein of approximately 16 kDa (KC protein) was expressed at a level comprising about 0.8% of the total cellular protein (lanes 10 and 11). The lower level of expression of the KC protein as compared to the intact K subunit or the KN protein suggests that the recombinant C-terminal domain may be toxic to the host cell. In fact, slower growth of E. coli harboring pQE-KC was observed. The expressed C-terminal domain of the RNA polymerase K subunit from this alkaliphile may interfere with interactions between regulatory factors involved in transcription in E. coli. In this study, one deletion protein could be overexpressed and puri¢ed in su¤cient quantity and purity for use in characterizing the N-terminal domains of the K subunit.
Cloning of other rpo genes of strain C-125 such as those encoding the L, LP and c subunits and construction of expression plasmids is now in progress. To reconstitute the recombinant RNA polymerase of strain C-125 in vitro from the puri¢ed subunits, overexpression of these proteins in E. coli will be carried out. Our reconstitution system not only will be useful to examine the functional properties of the recombinant RNA polymerase itself, but also will facilitate the identi¢cation of promoter elements and trans-acting factors that control gene expression in this alkaliphilic strain under alkaline conditions.
